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Neutrophil adherence to tumor necrosis factor- (TNF-)–treated induced signaling events. Ligation of ICAM-1 by neutrophils
human pulmonary microvascular endothelial cells (PMECs) induces or cross-linking antibodies initiates production of reactive
cytoskeletal changes in endothelial cells that require intercellular oxygen species (ROS) and subsequent activation of p38 mito-
adhesion molecule-1 (ICAM-1)–dependent signaling events. This gen-activated protein kinase (MAPK) (1, 3). Activation of
study determined whether similar changes occurred in rat PMECs p38, in turn, induces phosphorylation of heat shock protein
and whether rat pulmonary arterial endothelial cells (PAECs) re- 27, an actin-binding protein that may mediate actin polymer-
sponded differently. Neutrophil adherence induced an increase in ization upon phosphorylation, and is required for the EC stiff-
the formation of F-actin and in the apparent stiffness of TNF-– ening response as well as for neutrophil migration toward EC
treated rat PMECs. These responses, however, were absent in borders (3). These studies suggest that ICAM-1–dependent
PAECs. To determine the mechanisms underlying these differences, activation of ECs induced by neutrophil adherence plays
ICAM-1–mediated signaling events were compared. Upregulation important roles in modulating neutrophil migration towardof ICAM-1 by TNF- and redistribution of ICAM-1 induced by cross-
EC borders.linking antibodies were similar in both cell types. However, neutro-
In culture, rat PMECs form tighter junctions than do pul-phil adherence induced production of reactive oxygen species only
monary arterial endothelial cells (PAECs), and only PAECsin PMECs and not in PAECs. Moreover, phosphorylation of p38
respond to calcium ionophores by increasing their permeabil-mitogen-activated protein kinase induced by ICAM-1 cross-linking
ity (4), suggesting that there may be site-specific differencesoccurred only in PMECs and not in PAECs. This increase in p38
in the response of ECs during inflammation. The hypothesisphosphorylation in PMECs was inhibited by allopurinol, a xanthine
of the present study is that ICAM-1–mediated signalingoxidase inhibitor. These data demonstrated that whereas TNF-
events that are initiated by neutrophil adhesion are differentupregulated ICAM-1 and ICAM-1 cross-linking induced a similar
in PAECs compared with PMECs, the site of neutrophilredistribution of ICAM-1 on the endothelial cell surface, ICAM-1
ligation initiated p38 activation and cytoskeletal rearrangements emigration and edema formation. This study compared the
only in PMECs and not in PAECs. Thus, neutrophil adhesion through cytoskeletal changes in response to neutrophil adherence in
ICAM-1 induced signaling events leading to cytoskeletal changes PMECs and PAECs isolated from rats. These results led to
only in PMECs, the site of neutrophil emigration and edema forma- studies comparing ICAM-1–initiated signaling events, includ-
tion, and not in PAECs. ing ICAM-1 clustering, activation of xanthine oxidase, pro-
duction of intracellular oxidants, and activation of p38 MAPK.
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METHODS
Neutrophil adhesion to pulmonary capillary endothelial cells Rat Neutrophil Isolation
(ECs) is thought to be required for neutrophil emigration
Rat neutrophils were isolated from venous blood using neutrophil isola-during many pulmonary inflammatory responses. The mecha-
tion medium-2 density gradients according to the manufacturer’s proto-nisms regulating neutrophil migration along ECs to EC bor- cols, with purity higher than 95% (Cardinal Associates, Santa Fe, NM).
ders after adhesion are not clearly defined. Recent studies
using cultured human pulmonary microvascular endothelial Isolation and Cultivation of Rat PAECs and PMECs
cells (PMECs) demonstrate that neutrophil adherence to tu- Rat PAECs were obtained by gently scraping the lumenal surface of
mor necrosis factor (TNF)-–treated ECs induces changes isolated rat pulmonary arteries, and their EC identity was verified as
in the F-actin cytoskeleton in ECs, as indicated by an increase described previously (5, 6). Rat PMECs were isolated and cultured
in the apparent stiffness of ECs and in the formation of using a modified method described previously (7).
F-actin in ECs (1, 2). These changes in the EC cytoskeleton
Measurement of ICAM-1 Expressiondepend on intercellular adhesion molecule-1 (ICAM-1)–
The expression of ICAM-1 was quantified by ELISA as described
previously (1). ECs were incubated with 10 g/ml anti–ICAM-1 (clone
1A29; PharMingen, San Diego, CA) or control antibody for 1 hour
followed by incubation with 10 g/ml fluorescein-conjugated secondary(Received in original form January 7, 2002; accepted in final form June 20, 2002)
antibody for 1 hour. The fluorescence was quantified using a fluores-
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with anti–1-integrin antibody–coated ferromagnetic beads and placed
in the magnetic twisting cytometer. After measuring the baseline stiff-
ness of ECs, isolated rat neutrophils were added to ECs (ratio  1:1),
and the apparent stiffness of ECs was measured 2–15 minutes later.
F-actin Visualization and Quantification
F-actin distribution in ECs was visualized using rhodamine phalloidin
stain as described previously (2).
Evaluation of Xanthine Oxidase Activity in ECs upon
Neutrophil Adherence
The activity of xanthine oxidase in ECs was evaluated by native gel
electrophoresis followed by enzymatic detection (10). ECs treated for
24 hours with 20 ng/ml TNF- were washed, and rat neutrophils were
added (neutrophil:EC  1:1) for 2–15 minutes. The cells were washed
and lysed in buffer containing 0.2% Triton X-100, 50 mM potassium
phosphate, 100 mM iodoacetic acid, 2 mM DTT, and a cocktail of
protease inhibitors. The cell lysates were centrifuged at 3000  g at
4C for 10 minutes, and 150 g protein/lane was subjected to gel electro-
phoresis using native 8% polyacrylamide Tris–glycine gels under nonre-
ducing conditions. Purified xanthine oxidase isolated from buttermilk
was used as the positive control. The gels were stained in 50 mM
Tris–HCl containing 1.4 mM hypoxanthine and 0.25 mM nitro blue
tetrazolium as described (8).
Measurement of Oxidant Production in ECs
Figure 1. Changes in rat EC stiffness induced by neutrophil adherence.Oxidant production in ECs in response to neutrophil adhesion was
After TNF- was washed off, the apparent stiffness of TNF-–treatedevaluated by measuring changes in 2,7-dichlorofluorescein (DCF)
PMECs (A ) or PAECs (B ) was measured by a magnetic twisting cytom-fluorescence as described (1).
eter using ferromagnetic beads bound to 1-integrin (see METHODS).
After the measurement of baseline stiffness, either purified neutrophilsICAM-1 Cross-Linking
(neutrophil:EC  1:1) or buffer was added to the well, and EC stiffnessICAM-1 cross-linking in ECs treated for 24 hours with 20 ng/ml rat
was measured 2, 6, 10, and 15 minutes later. The data are expressedTNF- was performed as described (1, 9).
as mean  SEM (n  4). *p 	 0.05 when compared with the baseline
stiffness. Closed circles, addition of neutrophils; open circles, addition ofVisualization of ICAM-1 Distribution
buffer.
ICAM-1 distribution before or after cross-linking was visualized as
described (3, 10).
Detection of p38 MAPK Phosphorylation
To further evaluate the cytoskeletal changes in these two
Total p38 MAPK and the phosphorylated p38 MAPK were detected types of ECs in response to neutrophil adherence, the average
by immunoblot as described (3).
staining intensity of F-actin in TNF-–treated ECs was mea-
sured. Neutrophil adherence for 2–10 minutes induced a signifi-Statistical Analysis
cant increase in the F-actin staining in PMECs but not in PAECs
Data were analyzed using the Student’s t test or one-way analysis of (Figure 2). This difference was not due to less neutrophil adhe-
variance. A p value less than 0.05 was considered significant. The data sion because neutrophils adhere similarly to TNF-–treated
are expressed as the mean value  SEM.
PMECs and PAECs. After 10 minutes of adhesion, the number
of neutrophils adherent to TNF-–treated PMECs and PAECs
RESULTS was 6.6  1.0 and 6.5  1.1 per 600 field, respectively. Taken
together, these studies demonstrate that neutrophil adherenceNeutrophil Adherence–induced Cytoskeletal Changes in
induces cytoskeletal responses only in PMECs and not in PAECs.TNF-–treated PMECs and PAECs
ICAM-1 Expression Induced by TNF- and ICAM-1Changes in the actin cytoskeleton in TNF-–treated ECs in
Redistribution Induced by Cross-Linking Antibodies inresponse to neutrophil adherence were evaluated by magnetic
twisting cytometry using ferromagnetic beads coated with PMECs and PAECs
anti–1-integrin antibody (1, 2). In TNF-–treated rat PMECs, Previous studies demonstrated that neutrophil adherence–
neutrophil adherence for 2–15 minutes increased the apparent induced cytoskeletal changes in TNF-–treated human PMECs
stiffness of ECs (Figure 1A). Addition of buffer rather than require ICAM-1–mediated signaling events (1, 3). The expres-
neutrophils had no effect on the apparent stiffness of ECs. This sion of ICAM-1 in response to TNF- treatment was therefore
increase in the apparent stiffness of ECs required pretreatment examined to determine whether the different responses elicited
with TNF- because addition of neutrophils to untreated ECs by neutrophils in PAECs and PMECs were due to differences
had no effect on the apparent stiffness of ECs (data not shown). in ICAM-1 expression. Treatment with TNF- for 4 or 24 hours
These observations were similar to those made using cultured induced a significant increase in ICAM-1 expression in both
human PMECs (1, 2). In striking contrast, the apparent stiffness cell types, and the increase was similar in these two cell types
of PAECs was less than half that of PMECs, and neutrophil (Figure 3).
adherence to PAECs for 2–15 minutes did not increase their Previous studies demonstrated that ICAM-1–induced signal-
ing events require cross-linking with a secondary antibody, sug-apparent stiffness (Figure 1B).
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Figure 2. Quantification of F-actin staining in TNF-–activated rat ECs
upon neutrophil adherence. Rat ECs were treated with TNF- and washed.
Purified rat neutrophils were added to ECs (neutrophil:EC  1:1) and
allowed to adhere for 2–15 minutes. F-actin was detected by rhoda-
mine–phalloidin stain (see METHODS), and the image was scanned and
monitored using a laser scanning confocal microscope. The mean pixel
intensity of the F-actin fluorescence per field (1,000) occupied by
F-actin staining was measured. The data are normalized to the values
of the control cells without neutrophil adhesion and are presented as
mean  SEM from at least four images for each slide. The experiment
was repeated two times with similar results. *p 	 0.05 when compared
with controls without neutrophil adhesion. Closed bars, PMECs; open
bars, PAECs.
Figure 4. ICAM-1 redistribution induced by a cross-linking secondary
antibody in rat ECs. TNF-–treated PAECs (A, B ) or PMECs (C, D ) were
incubated with 15 g/ml ICAM-1 antibody for 30 minutes and washed.
The cells were either fixed and incubated with fluorescein-conjugatedgesting that ICAM-1 clustering may be required (1, 3). ICAM-1
goat anti–mouse IgG for 15 minutes (A, C ) or incubated with fluorescein-distribution with or without the addition of a cross-linking sec-
conjugated goat anti–mouse IgG for 15 minutes (B, D ) and then fixed.ondary antibody in TNF-–treated PMECs and PAECs was
then examined. The addition of a secondary antibody induced
ICAM-1 redistribution and formation of ICAM-1 aggregates
similarly in both cell types (Figure 4). These data demonstrate
ity stain, using hypoxanthine as the substrate (Figure 5). A stan-that ICAM-1 clustering in response to a cross-linking antibody
dard curve was constructed using purified xanthine oxidase atis not differentially regulated in these cell types.
different concentrations (Figure 5A). For each experiment, puri-
fied xanthine oxidase (0.132 U) was used as a standard toICAM-1–Dependent Signaling Events in TNF-–treated
calculate the activity of xanthine oxidase in the samples. CellPMECs and PAECs: Activation of Xanthine Oxidase,
lysates containing 100–150 g proteins were used to measureGeneration of ROS, and Activation of p38 MAPK
xanthine oxidase activity in PAECs and PMECs. The densito-Previous studies demonstrated that ICAM-1–dependent, allopu-
metric values were always less than one and were thereforerinol-inhibitable production of ROS and subsequent activation
located on the region of the standard curve that fits all the dataof p38 MAPK are required for the cytoskeletal changes in human
points (Figures 5A and 5B). Treatment with TNF- for 24 hoursPMECs induced by neutrophil adherence (3). Because neutro-
did not alter the activity of xanthine oxidase in either cell typephil-induced EC stiffening and cytoskeletal changes only occur
(data not shown). As shown in Figure 5, the baseline activity ofin rat PMECs, these signaling pathways induced by ICAM-1
xanthine oxidase (expressed as U/mg protein) in TNF-–ligation in PMECs and PAECs were compared.
pretreated PAECs was significantly higher than that in PMECsThe activity of xanthine oxidase was examined by in-gel activ-
(0.65  0.06 versus 0.18  0.02 U/mg protein, n  6–8, p 	
0.05). In response to neutrophil adherence for up to 15 minutes,
no significant increase in xanthine oxidase activity was observed
in PAECs (p 
 0.05, n  4). In PMECs, neutrophil adherence
Figure 3. Changes in induced an increase within 15 minutes (from 0.18  0.02 to
ICAM-1 expression in rat 0.33  0.06 U/mg protein, p 	 0.05, n  5) (Figures 5B and
pulmonary ECs in response 5C). Because neutrophils can be stimulated to release elastase on
to TNF- treatment. Rat exposure to chemoattractants (10) and this enzyme may cleave
PAECs and PMECs were xanthine dehydrogenase to the active oxidase, the effect of exog-
treated with 20 ng/ml enous leukocyte elastase on EC xanthine oxidase activity was
TNF- for 4 or 24 hours, examined. Incubating either EC type with 0.1 U exogenous leu-
and ICAM-1 expression in
kocyte elastase for 15 minutes did not induce an increase inECs was quantified by ELISA
xanthine oxidase activity (data not shown). In addition, mixing(see METHODS). The raw flu-
EC lysates with an equal number of neutrophils did not increaseorescence values for PAECs
xanthine oxidase activity (data not shown).and PMECs not treated with TNF- measured 2,007  182 and 2,891 
This observed difference in xanthine oxidase activity in348, respectively (n  8). Data were expressed as fold changes com-
PAECs and PMECs, both basally and that induced by neutrophilpared with cells not treated with TNF- and are presented as mean 
adherence, led us to examine the production of ROS in ECsSEM (n  8). *p 	 0.05 when compared with cells not treated with
TNF-. Closed bars, PMECs; open bars, PAECs. by measuring the changes in DCF fluorescence in response to
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Figure 5. Xanthine oxidase activity in rat ECs in response to neutrophil adherence. TNF-–treated PAECs or PMECs were washed twice with cultured
medium. Purified rat neutrophils were added to ECs (neutrophil:EC  1:1) and were allowed to adhere for 2, 6, and 15 minutes. Xanthine oxidase
activity was determined as described in METHODS. (A ) Standard curve of xanthine oxidase activity. Purified xanthine oxidase at different concentrations
was used to construct the standard curve (n  4). (B ) Representative gel images showing xanthine oxidase activity in PAECs or PMECs before or
after neutrophil adhesion. Purified xanthine oxidase (0.132 U) was used as the standard, and cell lysates containing 150 g proteins were used
for each sample. (C ) Activity of xanthine oxidase in PMECs or PAECs on neutrophil adhesion. The activity was calculated on the basis of the
standard curve and the standard used in each experiment. The data are presented as microunits per milligram of protein and are represented as
mean  SEM (n  4).
addition of neutrophils or buffer. In the absence of neutrophil
adherence, neither the baseline DCF fluorescence nor the rate
of changes in DCF fluorescence was different in PAECs and
PMECs (Figure 6). In PMECs, addition of neutrophils induced
a time-dependent increase in DCF fluorescence compared with
the addition of buffer, indicating that ROS production in ECs
occurred in response to neutrophil adherence (Figure 6A). In
contrast, no increase in DCF fluorescence was observed in
PAECs when neutrophils adhered (Figure 6B).
Because p38 MAPK is a downstream target of ROS produc-
tion in human PMECs on ICAM-1 ligation (3), this difference
in ROS production in PAECs and PMECs led us to examine
p38 activity in response to ICAM-1 cross-linking using an anti-
body that recognizes the diphosphorylated form of p38 MAPK
(activated p38). Cross-linking ICAM-1 with a secondary anti-
body for 2–15 minutes induced a significant increase in p38
phosphorylation only in PMECs and not in PAECs (Figures 7A
and 7B).
To determine whether activation of xanthine oxidase was
required for p38 phosphorylation in rat PMECs, cells were pre-
treated with allopurinol, a xanthine oxidase inhibitor. In cells
pretreated with control vehicle, ICAM-1 cross-linking for 6 min-
utes induced a significant increase in p38 phosphorylation
(Figure 8). This increase was completely inhibited by allopurinol.
These data, together with our previous observations (3), demon-
strate that p38 activation in response to ICAM-1 cross-linking
Figure 6. Oxidant production in rat ECs in response to neutrophil adher-is ROS dependent in both rat and human PMECs.
ence. TNF-–activated rat ECs were loaded with 2,7-dichlorofluoresc-
ein diacetate and washed. After measuring the baseline DCF fluores-DISCUSSION
cence, neutrophils or buffer was added, and the DCF fluorescence was
This study demonstrated that neutrophil adherence–induced cy- measured 2–20 minutes later. The data are presented as DCF fluores-
toskeletal changes occurred only in TNF-–pretreated PMECs cence units before or after the addition of neutrophils or buffer. (A )
and not in PAECs. Neutrophil adherence–induced EC stiffening Changes in DCF fluorescence units in PMECs. (B ) Changes in DCF
fluorescence units in PAECs. The data are expressed as mean  SEMresponse and increases in F-actin formation were observed only
of eight wells. *p 	 0.05 when compared with the corresponding controlin TNF-–pretreated PMECs, the site of neutrophil emigration
cells. Open bars, addition of buffer; closed bars, addition of neutrophils.and edema formation during pulmonary inflammation. Subse-
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Figure 7. ICAM-1 cross-linking induced p38 MAPK activation in PMECs but not in PAECs. TNF-–treated ECs were incubated with 15 g/ml
anti–ICAM-1 antibody or control mouse IgG for 30 minutes and washed. The cells were then incubated with the secondary antibody for 2–15
minutes. The phosphorylated p38 MAPK and the total p38 MAPK were detected by immunoblot. (A ) A representative immunoblot showing
phosphorylation of p38 MAPK induced by ICAM-1 cross-linking in PMECs but not in PAECs. (B ) Densitometric analysis of the immunoblots as in
(A ). Phosphorylated p38 MAPK was normalized by total p38 levels for each sample, and the data were normalized to the baseline values. The
data are expressed as mean  SEM (n  3 or 4). *p 	 0.05 compared with the baseline values. Closed bars, PMECs; open bars, PAECs.
quent studies compared ICAM-1–dependent signaling events, Examination of downstream signaling events induced by
including ICAM-1 clustering, activation of xanthine oxidase, ICAM-1 ligation revealed marked differences in the activity of
ROS production, and p38 MAPK activation. These studies xanthine oxidase and in neutrophil-induced ROS production
showed that the ICAM-1–dependent signaling events required between PAECs and PMECs. First, the activity of xanthine
for these cytoskeletal changes were differentially regulated in oxidase in untreated or TNF-–pretreated PAECs was signifi-
these two EC types, and the differences in the signaling pathways cantly higher than that in PMECs; yet, the baseline ROS produc-
appeared to lie downstream of ICAM-1 clustering but upstream tion was not different in these two cell types when measured by
of ROS production and subsequent p38 MAPK activation. These DCF fluorescence. Thus, oxidant-generating mechanisms other
studies indicate that there appear to be distinct differences in than xanthine oxidase may contribute more to the baseline oxi-
neutrophil-induced cytoskeletal changes in ECs and in the under- dant production in PMECs than in PAECs. Our previous studies
lying signaling mechanisms between these two cell types. in human PMECs demonstrate that treatment with allopurinol
The increased expression of ICAM-1 induced by TNF- as only partially reduces the baseline DCF fluorescence, suggesting
well as redistribution of ICAM-1 induced by cross-linking anti- that other organelles such as mitochondria may contribute to
bodies were similar in these two cell types, suggesting that the the baseline ROS production (1). Alternatively, it is possible
differences in cytoskeletal changes observed in PAECs and that the oxidants may be produced at a sequestered site not
PMECs were not due to differences in ICAM-1 expression or accessible by the reduced form of DCF. In addition, antioxidants
in the signaling pathways leading to ICAM-1 redistribution. The may scavenge the superoxide before it reacts with the reduced
signaling events resulting in ICAM-1 clustering in pulmonary form of DCF. Uric acid, produced together with the superoxide
ECs are not fully understood. In human umbilical vein endothe- in xanthine oxidase–catalyzed reactions, can scavenge ROS and
lial cells, ICAM-1 clustering and redistribution induced by cross- function as an antioxidant (12). In addition, the availability of
linking antibodies requires activation of Rho (11). substrates for xanthine oxidase may be different in these two cell
types. Second, xanthine oxidase activity increased in response to
neutrophil adherence for 15 minutes in PMECs but not in
PAECs. Neither addition of exogenous leukocyte elastase nor
mixing neutrophils with endothelial cell lysates without adhesion
caused an increase in xanthine oxidase activity, suggesting that
this increase in xanthine oxidase activity was not due to neutro-
phil-derived elastase cleaving xanthine dehydrogenase to the
active xanthine oxidase. Consistent with these observations of
xanthine oxidase activity, neutrophil adherence induced a sig-
nificant increase in ROS production only in rat PMECs and not
in PAECs. Neutrophil adherence to human PMECs also induces
ROS production that is partly inhibited by allopurinol, a xanthine
oxidase inhibitor (1). These studies indicate that these two types
Figure 8. Activation of p38 MAPK induced by ICAM-1 cross-linking was of ECs differ in their basal xanthine oxidase activity as well as
inhibited by treatment with allopurinol, a xanthine oxidase inhibitor. in their ability to produce ROS after neutrophil adherence.
TNF-–treated PMECs were pretreated with 0.3 mg/ml allopurinol or
This increase in ROS production in PMECs and not incontrol vehicle for 30 minutes. ICAM-1 cross-linking was performed, and
PAECs, in turn, resulted in the activation of p38 MAPK inphosphorylated p38 MAPK was determined as described in METHODS.
PMECs and not in PAECs. Indeed, xanthine oxidase–dependentPhosphorylated p38 MAPK was normalized by total p38 levels for each
activation of p38 MAPK in response to ICAM-1 cross-linkingsample, and the data were normalized to the baseline values. The data
was observed only in PMECs and not in PAECs. These dataare expressed as mean  SEM (n  4 or 6). *p 	 0.05 when compared
demonstrated that the signaling pathways leading to ROS pro-with the baseline values. Open bars, no ICAM-1 cross-linking; closed
bars, ICAM-1 cross-linking for 6 minutes. duction and subsequent p38 MAPK activation in response to
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ICAM-1 cross-linking in PMECs were absent in PAECs. The that inhibition of neutrophil-induced signaling events in ECs
prevents neutrophil migration toward EC borders, the site ofabsence of these ICAM-1–initiated signaling pathways in PAECs
most neutrophil transmigration during pulmonary inflammationmay likely account for the absence of cytoskeletal rearrange-
(3, 15). Because neutrophil sequestration and emigration under-ments in these cells in response to neutrophil adherence.
lie many acute pulmonary inflammatory responses includingThis study, together with our previous studies on human
pneumonia and acute respiratory distress syndrome (reviewedPMECs, supports a role for xanthine oxidase in ICAM-1–
by Lee and Downey [10]), understanding the molecular andinitiated signaling events and cytoskeletal changes in PMECs
cellular mechanisms regulating neutrophil emigration will helpduring neutrophil adherence. In human PMECs, neutrophil ad-
better understand how to enhance this process when it is benefi-herence–induced ROS production in ECs is inhibited by an
cial to the host and to prevent it when it is harmful. Ultimately,anti–ICAM-1 antibody and is partly inhibited by allopurinol, a
this may help identify novel targets for therapeutic interventions.xanthine oxidase inhibitor (1). In addition, neutrophil adherence
or cross-linking ICAM-1–induced changes in the PMEC cy- Acknowledgment : The studies examining EC stiffness were performed at the
toskeleton are inhibited by allopurinol as well as by scavengers Physiology Program, Harvard School of Public Health, Boston, MA.
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